One of the major obstacles to the clinical development of gene silencing by small interfering RNA (siRNA) is its effective cytoplasmic delivery. Carbon nanotubes have been proposed as novel nanomaterials that can offer significant advantages for the intracellular delivery of nucleic acids, such as siRNA. We recently demonstrated in a proof-of-principle study that aminofunctionalized multiwalled carbon nanotubes (f-MWNT) can effectively deliver in vivo an siRNA sequence, triggering cell apoptosis that results in human lung xenograft eradication and prolonged survival. In the present study, we demonstrate how a newly synthesized series of polycationic dendron-MWNT constructs with a precisely tailored number of amino functions (dendron generations) can complex and effectively deliver double-stranded siRNA to achieve gene silencing in vitro. A systematic comparison between the f-MWNT series in terms of cellular uptake, cytotoxicity, and siRNA complexation is offered. Significant improvement in siRNA delivery with the dendron-MWNT conjugates is shown, and gene silencing was obtained in 2 human cell lines using 2 different siRNA sequences. The study reveals that through f-MWNT structure-biological function analysis novel nanotube-based siRNA transfer vectors can be designed with minimal cytotoxicity and effective delivery and gene-silencing capabilities.-Al-Jamal, K. T., Toma, F. M., Yilmazer, A., Ali-Boucetta, H., Nunes, A., Herrero, M.-A., Tian, B., Eddaoui, A., Al-Jamal, W. T., Bianco, A., Prato, M., Kostarelos, K. Enhanced cellular internalization and gene silencing with a series of cationic dendron-multiwalled carbon nanotube:siRNA complexes. FASEB J. 24, 000 -000 (2010). www.fasebj.org
The emergence of carbon nanotubes (CNTs) as advanced nanomaterials and in particular toward biomedical and biotechnological applications is of great interest (1) (2) (3) . In terms of the biologically relevant features of CNTs, one of the most attractive properties described is the capacity to translocate cellular barriers (such as the plasma membrane) by mechanisms that are novel and seem to be reminiscent of a nanoneedle piercing the cells (4) . Numerous laboratories (4 -8) using various types of CNTs have now reported their cellular uptake by a wide range of cells. The solubilization of pristine nanotubes by means of different functionalization strategies allowed the development of a wide variety of single-walled CNTs (SWNTs) and multiwalled CNTs (MWNTs) that have shown promise in terms of biocompatibility and the ability to cross the plasma membrane and to act as transporters for drugs (9 -13) , biological molecules such as peptides and proteins (6, 14 -17) , small interfering RNA (siRNA; refs. 18, 20 -23) , and plasmid DNA (7, 24 -27) . Despite conflicting reports on the toxicity profile of CNTs, chemically functionalized CNTs compared with pristine CNTs have shown promise with significantly lower cytotoxicity profiles obtained (28) .
One of the approaches used for CNT-assisted siRNA delivery involves the chemical conjugation of siRNA to SWNTs or the material used to coat them. Kam et al. (18) conjugated pDNA and siRNA to phospholipidcoated SWNTs via cleavable disulfide linkages and demonstrated efficient siRNA delivery in vitro. SWNTs were also coated by the same group with lipopolymers bearing amine-terminated polyethylene glycol, shown to be effective transporters of siRNA in human T and primary cell cultures (22) . More recently, siRNA for TRPC3 gene knockdown was chemically conjugated via disulfide bonds to a SWNT coated with PEGylated phospholipids and was shown to be able to silence the TRPC3 gene in extracted mouse skeletal muscle cells ex vivo (21) .
An alternative approach is the formation of noncovalent complexes between the negatively charged siRNA and chemically functionalized cationic CNTs. Krajcik et al. (20) complexed siRNA against ERK protein expression using a double-functionalized cationic CNT, resulting in ERK knockdown in primary cardiomyocyte cultures. Following a similar approach, Wang et al. (29) reported that ammonium-functionalized SWNTs could electrostatically bind siRNA against cyclin A2, leading to growth inhibition and apoptosis of a human erythroleukemic cell line (K526) in vitro. Zhang et al. (23) reported the delivery of telomerase reverse transcriptase (TERT) siRNA by complexation with a positively charged SWNT, resulting in down-regulation of TERT and subsequent inhibition of cell proliferation in vitro and tumor growth delay in vivo. Our laboratories (30) reported that ammonium-functionalized MWNTs (MWNT-NH 3 ϩ ) were more effective than cationic liposomes in intratumoral in vivo delivery of cytotoxic siRNA and reported the first tumor growth arrest and prolonged survival of MWNT-NH 3 ϩ :siRNA-treated animals bearing a human lung cancer xenograft (Calu6).
One of the strategies proposed to further enhance the aqueous dispersibility of CNTs by maintaining their cationic character is through their surface modification by growth of dendritic molecules (31, 32) . The number of cationic functional groups on the dendron-MWNT surface can grow exponentially, in a controlled, stepwise manner, without the need for repeated or higher degree of chemical grafting on the CNT backbone minimizing the structural defects introduced on the nanotube backbone by functionalization chemistries. We have very recently reported the synthesis and structural characterization of a series of cationic dendron-MWNT constructs and their capacity to deliver fluorescently labeled siRNA intracellularly (32) .
In this study, we present the structure-biological function relationships exhibited by the dendron-CNT constructs of this newly synthesized series. A variety of biological functions among the dendron-MWNT series were studied, including cellular internalization, cytotoxicity, capacity to condense and deliver siRNA in the cytoplasm, and finally, efficiency of gene silencing. The biological effects of dendron alkylation and the increase in dendritic branching were revealed. The rational design of the dendron-CNT series correlated with the capacity to internalize and deliver siRNA inside the cell cytoplasm and led to efficient gene silencing in human cells.
MATERIALS AND METHODS

Materials
MWNTs were purchased from Nanostructured & Amorphous Materials (Houston, TX, USA; stock no. 1240XH, 95%, OD 20 -30 nm). Chemicals and solvents for synthesis and horseradish perioxidase (HRP)-linked anti-mouse IgG were obtained from Sigma-Aldrich (St. Louis, MO, USA), and they were used as received. To achieve the synthesis of dendron functionalized carbon nanotubes, we followed the procedure reported in ref. 31 . The proprietary sequence siCONTROL TOX (referred to throughout this work as siTOX) was purchased from Dharmacon (Lafayette, CO, USA). Noncoding siNEG and Atto 655-labeled siNEG were purchased from Eurogentec (Southampton, UK). The DeadEnd Fluorometric TUNEL system was from Promega (Southampton, UK). The annexin-V-Fluos staining kit was from Roche Diagnostics (Mannheim, Germany). DMEM, minimum essential medium (MEM), FBS, propidium iodide (PI), penicillin/streptomycin, and PBS were from Life Technologies, Inc. (Invitrogen, Paisley, UK). Citifluor reagent was from Citifluor (London, UK). Paraformaldehyde and RNase were from Sigma. The cervical cancer cell line HeLa (CCL-2.2) and human lung carcinoma A549 (CCL-185) were from American Type Culture Collection (ATCC; London, UK). The BCA protein assay kit, Restore Plus Western blot stripping buffer, and ECL detection system were purchased from Pierce (Rockford, IL, USA). Tropix Galactolight Plus lysis buffer was obtained from Applied Biosystems (Foster City, CA, USA). Silencer GFP (eGFP) siRNA (catalog no. Am4626), referred to through the study as siGFP, and mouse anti-GAPDH antibody were obtained from Ambion (Austin, TX, USA). Hybond ECL nitrocellulose membranes were obtained from GE Healthcare (Little Chalfont, UK). Rabbit polyclonal GFP antibody was obtained from Abcam (Cambridge, MA, USA). HRP-linked anti-rabbit IgG was obtained from Cell Signaling (Danvers, MA, USA). Recombinant adenovirus type-5 encoding enhanced green fluorescent protein (Ad-eGFP) was purchased from the Baylor College of Medicine Vector Development Laboratory (Houston, TX, USA).
Transmission electron microscopy (TEM)
A drop of the f-MWNT dispersion (0.5 mg/ml) was placed on a grid with a support film of Formvar/carbon, excess material was blotted off with a filter paper, and the complexes were examined under a FEI CM120 BioTwin transmission electron microscope (FEI Tecnai, Einhoven, Netherlands) using a Lab6 emitter. Images were captured using an AMT digital camera (Advanced Microscopy Techniques, Danvers, MA, USA). For TEM of the siRNA complexes with CNTs, MWNT-2.0-D-N(CH 3 ) 3 ϩ ,15 l of 1.0 mg/ml in 10% dextrose was complexed with an equal volume of siRNA solution to achieve 1:8 or 1:16 siRNA:MWNT-2.0-D-N(CH 3 ) 3 ϩ mass ratio. The complex was left to equilibrate for 30 min before the TEM microscopy was performed. ϩ , or the complex was deposited on the surface of freshly cleaved mica (Agar Scientific, Essex, UK) and allowed to adsorb for 5 min. Unbound structures were removed by washing with 0.22 m filtered deionized H 2 O, then dried under a nitrogen stream. Imaging was carried out in tapping mode using a Multimode AFM, E-type scanner, Nanoscope IV controller, Nanoscope 5.12b control software (Veeco, Cambridge, UK) and a silicon tapping tip, made of crystallized silicon (NSG01; NTI-Europe, Apeldoorn, The Netherlands) of curvature radius of 10 nm. The tip was mounted on tapping-mode silicon cantilever with a typical resonant frequency of 150 kHz and a force constant of 5.5 N/m to image 5-ϫ 5-m square areas of the mica surface, with a resolution of 512 ϫ 512 pixels and a scan rate of 1 Hz. All AFM images were performed in air.
Atomic force microscopy (AFM)
MWNT
Cell culture
A549 cells and HeLa cells were maintained and passaged in DMEM or MEM, respectively, supplemented with 10% FBS, 50 U/ml penicillin, 50 g/ml streptomycin, 1% l-glutamine, and 1% nonessential amino acids, at 37°C in 5% CO 2 .
Cellular uptake studies of f-MWNTs by A549 cells A549 cells were subcultured into 24-well plates (5ϫ10 4 cells/ well) for 24 h before incubation with the f-MWNTs. Cells were incubated with f-MWNT (0 -40 g/ml) in serum-free medium for 4 h, after which serum-containing medium was added to make the final concentration of serum to 10%. Cells were allowed to interact with the f-MWNTs for 15 min, 60 min, 4 h, 24 h, and 72 h, at 37°C in a humidified atmosphere (5% CO 2 ) incubator. Monolayers were photographed before trypsinization to compare the results obtained from light microscopy with sideward scattering light analysis. For light scatter analysis by flow cytometry, cells were washed with PBS to remove unbound CNTs, trypsinized, centrifuged at 1000 rpm for 5 min at 4°C, resuspended in PBS, and then transferred to 1.5-ml microcentrifuge tubes and kept on ice for immediate analysis by flow cytometry.
Sideward scattering analysis of A549 cells by flow cytometry
Bivariate and univariate scatter histograms were set using the CyAn ADP Flow Cytometer (Beckman Coulter, Brea, CA, USA) equipped with Summit 4.3 software (Beckman Coulter). In the bivariate scatter histograms, the sideward scattering (SSC Lin, ordinate) vs. forward scattering histogram (FSC Lin, abscissa) was obtained. The forward scatter and side scatter detectors voltage had to be set in a way that both the negative control (a sample containing cells without CNT) and the positive control cells [a sample containing cells incubated with MWNT-2.0-D-N(CH 3 ) 3 ϩ for 24 h] could be visualized inside the scatter dot plot. The population containing cells only was selected to include all the cells being studied and exclude any cell debris. In order not to include the f-MWNTs in the cell population group, a suspension containing the highest concentration of f-MWNTs without any cells was run first to exclude any free CNT from the cell population.
The univariate histograms of cell number (counts, ordinate) vs. sideward scattering intensity (SSC Lin, abscissa) were plotted and gated for the cell population. The median sideward scattering intensity values (SSC Lin) were recorded and used for comparison. Data were expressed as fold changes in median sideward scattering intensity for a given f-MWNT-treated cell sample as compared with that of control cells.
Cell viability assays
A549 or HeLa cells were incubated with f-MWNTs in serumfree medium for 4 h, after which serum-containing medium was added to make the final concentration of serum to 10%. Toxicity was assessed after 24 or 48 h by one of the following cytotoxicity assays:
Annexin-V-FITC/PI staining
The assay was performed with an annexin-V-FITC/PI staining kit (Roche Diagnostics) according to the instructions of the manufacturer. In brief, after the pellets were harvested, cells were washed twice with PBS, resuspended into a single-cell suspension, and stained according to the manufacturer's instructions. Samples were analyzed on a flow cytometer using 488-nm excitation and a 530/40-nm band-pass filter for fluorescein detection and a filter 613/20 nm for PI detection. Electronic compensation of the instrument was performed to exclude overlapping of the 2 emission spectra. Cell death was expressed as percentage cell population stained with annexin V or with PI staining. A CyAn ADP flow cytometer (Beckman Coulter) was used to analyze 2ϫ10 5 cells/sample.
TUNEL labeling
For detection of apoptosis, the DeadEnd Fluorometric TUNEL system was used to label nicked DNA through incorporation of fluorescein-12-dUTP. Samples were incubated with recombinant terminal deoxynucleotidyl transferase (rTdT) as per manufacturer's instructions, and fluorescein labeling was visualized using confocal laser scanning microscopy (CLSM; Zeiss LSM 510 Meta; Carl Zeiss, Oberkochen, Germany) using 30-mW 488-nm argon laser excitation source, LP 505-nm output filter, and a Plan-Neofluar ϫ10 lens. PI was used to counterstain nuclei.
Electrophoretic mobility shift assay
Then, 0.5 g of siRNA in 30 l of 5% dextrose complexed to f-MWNTs at different mass ratios (1:0 to 1:60 mass ratio) or 0.5 g of free siRNA as a control was added to 1% agarose gel containing ethidium bromide. The gel was run for 45 min at 70 V and then photographed under ultraviolet light using the GeneGenius system (PerkinElmer Life and Analytical Sciences, Wellesley, MA, USA).
Evaluation of fluorescent siRNA complex uptake in HeLa cells
Atto 655-labeled siRNA ( exc ϭ665 and em ϭ690 nm) was used to prepare fluorescent siRNA complexes to assess the ability of f-MWNTs to transfer siRNA into HeLa cells. siRNA was complexed with f-MWNTs at 1:16 mass ratio or with DOTAP:cholesterol cationic liposomes (2:1 M ratio) at 1:4 Ϫ/ϩ charge ratio. HeLa cells were grown to confluency on glass coverslips in 24-well tissue culture dishes at a density of 5ϫ10 4 cells/well. Twenty-four hours later, cells were incubated with the fluorescent complexes. Briefly, 50 l of the preformed siRNA complex was diluted 10 times with serum-free medium, yielding a final siRNA concentration of 80 nM (1 g/ml). Four hours later, 150 l of fresh medium containing 20% FBS was added to each well. After 4 and 24 h, cells were washed with PBS solution and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and then rinsed with PBS. For nuclear staining, cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min at room temperature, RNase treated (100 g/ml) for 20 min at 37°C, and incubated with PI (1 g/ml) in PBS for 5 min then rinsed 3 times with PBS. Coverslips were mounted with aqueous poly vinyl alcohol Citifluor reagent mixed with AF100 antifade reagent (10:1) before use. Slides were examined under the CLSM using ϫ63 oil immersion lens and using identical settings for each confocal study.
Silencing with dendron-MWNT:siGFP in Ad-GFP transfected A549 cells
A549 cells (2ϫ10
4 cells/well) were seeded onto 24-well plates. Twenty-four hours later, cells were transfected with siGFP complexed with MWNT-2.0-D-N(CH 3 ) 3 ϩ at 1:8 or 1:16 mass ratio. Briefly, 100 l of the preformed siGFP complexes was added to each well containing 400 l of serum-free medium to achieve a final siGFP concentration of 52 nM. DOTAP (2 mM):Chol (1 mM) liposomes complexed with siGFP, at 1:4 Ϫ/ϩ charge ratio, were used as control. Four hours later, 500 l of fresh medium containing 20% FBS was added to each well. After 14 h of incubation with the complexes at 37°C and 5% CO 2 , cells were washed with PBS and 1 ml of serum-free medium containing Ad-GFP (10 8 particles/ml) was added into the wells. Three hours later, medium was replaced with fresh complete medium, and cells were incubated at 37°C in 5% CO 2 . After 24 h, cells were lysed with Tropix Galactolight Plus lysis buffer, and lysates were centrifuged for 10 min at 13,000 rpm. Total protein concentration was assessed with the BCA protein assay kit, and 100 g protein was taken from each supernatant and resolved on 12% SDS-PAGE gels and transferred to Hybond ECL nitrocellulose membranes. After blocking in 5% nonfat dry milk overnight, the blots were incubated with rabbit polyclonal GFP antibody at 1:5000 dilution. HRP-linked anti-rabbit IgG at 1:1000 dilution was used as secondary antibody. The specific bands were detected with ECL detection system. To get GAPDH-specific control bands, the blots were stripped with Restore Plus Western blot stripping buffer and reprobed with mouse anti-GAPDH antibody at 1:4000 dilution and then with HRP-linked anti-mouse IgG.
Transfection of HeLa Cells with siTOX
HeLa cells were subcultured (5000 cells/well) into 16-well chamber slides. Twenty-four hours later, cells were transfected with siTOX, an apoptosis-inducing siTOX. Briefly, 30 l of the preformed f-MWNT:siTOX complex was diluted 5 times with serum-free medium, and 150 l of the complexcontaining medium was added to each well, yielding a final siTOX concentration of 80 nM. Four hours later, 150 l of fresh medium containing 20% FBS was added to each well. Transfection efficiency (apoptosis) was assessed by TUNEL labeling after 24 and 48 h.
Statistical analysis
All conditions in 3 assays were tested in triplicate. Data are expressed as means Ϯ sd where indicated. Statistical differences were analyzed using the Student's t test, and values of P Ͻ 0.05 were taken to be statistically significant.
RESULTS
The biological function of the tetra-alkylated ammonium-MWNT [MWNT-N(CH 3 ) 3 ϩ ] and the series of dendron-MWNT, first generation dendron-MWNT (Fig. 1A) (32) was investigated. The ammonium-functionalized MWNT (MWNT-NH 3 ϩ ), which has been mostly explored for biological applications previously (4, 30, 33) , was also included throughout these studies for comparison. Although MWNT-NH 3 ϩ is adequately dispersed in aqueous buffers, TEM imaging can reveal some degree of bundling and aggregation (Fig. 1B) ϩ in particular, resulted in dramatically improved dispersibility despite the relatively low amount of alkylated groups on the nanotube surface ( Fig. 1B ; fϭ 0.212 mmol/g). These data suggested that increasing the cationic character by alkylation and grafting of the dendrons on the MWNT surface correlated with improved aqueous dispersibility of the material.
To study the uptake of these f-MWNTs in human lung epithelial (A549) monolayers, nanotubes were incubated with the cells for 8 and 24 h at 10 g/ml, and cells were examined by light microscopy, as shown in Fig. 2 . Even though magnification in optical microscopy was low, a qualitative indication of the interactions can be obtained based on the amount of dark signal (from the nanotubes) and its association with cells. MWNT-NH 3 ϩ (Fig. 2B ) interacted with cells; however, the alkylated [MWNT-N(CH 3 ) 3 ϩ ] and the dendronfunctionalized constructs seemed to associate more with the cells. Similar observations were obtained with a different human cervical carcinoma (HeLa) using confocal microscopy and higher magnification (Supplemental Fig. S1 ). After 48 h, the dendron-MWNT constructs seemed to have translocated in the cytoplasm and the perinuclear region, similar to previous reports for f-MWNT and f-SWNT (34) .
The increase in the sideward scattering of cells incubated with f-MWNT using a flow cytometry-based assay has been previously reported and was shown to be a reliable technique to assess interactions of CNTs with cells (35) . As the nanotubes bound and internalized into cells, the granularity of the cells increased, which concomitantly increased the sideward scattering intensity. Representative results from light-scattering analysis are shown in Fig. 3A . The 2-D dot plot of the forward scatter (FS Lin on the abscissa) and sideward scatter (SS Lin on the ordinate) of light by cells indicated that events with high forward scatter correspond to healthy cells, whereas events with low forward scatter correspond to cell debris (see control with dead cells). We investigated the role of parameters in the CNT-cell interactions: the increase in the degree of dendritic branching (i.e., dendron generation; Fig. 3B ), the dose ( Fig. 3C) , and the duration of interaction (Fig. 3D) . The SS Lin median from the sideward scattering histogram was plotted and data analysis was carried out by calculating the increase in SS Lin of cells incubated with f-MWNTs as a percentage of control (cells alone; Fig. 3B, E) . Cellular internalization was observed after incubation with MWNT-NH 3 ϩ and increased by 78% for the alkylated construct, while for the MWNT-1.0-D-N(CH 3 ) 3 ϩ and MWNT-2.0-D-N(CH 3 ) 3 ϩ , increases of 100 and 140%, respectively, were obtained (Fig. 3B) . These results were in agreement with the optical microscopy observations in Fig. 2 and indicated that MWNT-2.0-D-N(CH 3 ) 3 ϩ conjugates followed a concentration-dependent shift in the SS due to increases in cellular uptake (i.e., granularity) from concentrations as low as 2.5 g/ml. This shift was also time dependent, and maximum SS shift occurred after 24 h of incubation (Fig. 3C) .
Although internalization of f-CNT into various types of cells can be seen as an attractive feature, there may be cytotoxic side-effects associated with such capacity that should be considered (36, 37) . Since the lightscattering analysis of cells carried out above is not specific for either apoptosis or necrosis, the flow cytometric assay by staining with annexin V/PI was used for the determination of apoptosis or necrosis induced by the f-MWNT internalization. Freeze-thawed cells and untreated cells were used as positive (dead cells) and negative (healthy cells) controls. The percentage cell population stained is shown in Fig. 4A, B, indicating that all f-MWNT constructs exhibited no significant toxicity to human lung carcinoma A549 cells (annexin V-negative and PI-negative cells) at a concentration of 10 g/ml when compared with control cells after 24 h of incubation. Since MWNT-2.0-D-N(CH 3 ) 3 ϩ showed the highest cell internalization after 24 h by optical microscopy ( Fig. 2E ) and scattering analysis (Fig. 3B) , we decided to escalate the concentration of MWNT-2.0-D-N(CH 3 ) 3 ϩ to determine whether higher doses could be tolerated. It was found that doses as high as 80 g/ml (maximum tested) were well tolerated by the cells, with insignificant effects on cell viability after 24 h of incubation.
We further verified these cytotoxicity observations in HeLa cells and with the use of TUNEL labeling assay. The TUNEL reaction stains apoptotic cells, which appear green. Nuclei were counterstained using PI (in red). Cells treated with all 4 f-MWNT constructs exhibited no sign of apoptosis after 24 h interaction with up to 64 g/ml f-MWNTs (Fig. 4C) . Interestingly, all alkylated f-MWNTs (not the MWNT-NH 3 ϩ ) were found toxic to HeLa cells after 48 h incubation at 32 and 64 g/ml (Fig. 4D) . Based on the above, we determined that in order to avoid any unwanted cytotoxic sideeffects further studies would be carried out using a maximum incubation period with cells of 24 h.
It has been previously shown that cationic f-CNTs were able to condense nucleic acids efficiently and deliver them into mammalian cells (26, 27, 30) . Complexation of siRNA with the series of dendron-MWNTs was determined by agarose gel electrophoresis (Fig. 5A) . The amount of free (uncomplexed) siRNA migrating into the gel was reduced on complexation, most noticeable in the case of MWNT-2.0-D-N(CH 3 ) 3 ϩ at 60:1 mass ϩ even after siRNA complexation (Supplemental Fig. S2 ).
Uptake of a noncoding siRNA sequence (siNEG) complexed with dendron-MWNTs in A549 was studied at 16:1 mass ratio (final dendron-MWNTs concentration of 16 g/ml) after 24 h incubation.
Optical microscopy of the cell cultures (Fig. 6A) showed that both the dendron-MWNT alone and the complexes with siRNA were able to internalize into the cytoplasm. We then performed flow cytometry (light scattering by cells) of the A549 cells after incubation with the f-MWNT:siRNA complexes to observe a marked shift in sideward scattering, similar to that obtained after incubation with the f-MWNT alone (Fig. 6B) . This indicated that complexation with siRNA did not compromise f-MWNT uptake into the cells. To determine whether the siRNA was also internalized, a fluorescently labeled siRNA was used (ATTO 655 probe emitting at em ϭ684 nm was conjugated to the 3Ј end of the nucleic acid duplex). The ATTO 655-siRNA was complexed with the different f-MWNTs and incubated with HeLa cells for 4 and 24 h. For comparison, cationic liposomes (DOT-AP:cholesterol) were used. CLSM illustrated a sharp (Fig. 6C) . The siRNA signal (blue channel) was diffused throughout the cytoplasm of cells treated only with f-MWNT:ATTO 655-siRNA complexes (Fig. 6C) (32) . The more punctate fluorescence signal pattern using liposome:siRNA complexes indicated localization within cellular compartments (e.g., endosomes) and suggested that the mechanism of uptake of siRNA complexed with f-MWNT and cationic liposomes was not identical. We further determined that increased degree of dendron branching on the nanotube surface, as in the case of MWNT-1.0-D-N(CH 3 ) 3 ϩ and MWNT-2.0-D-N(CH 3 ) 3 ϩ , led to significantly enhanced intracellular internalization of the siRNA compared with MWNT-NH 3 ϩ and MWNT-N(CH 3 ) 3 ϩ . The ability of f-MWNTs to deliver biologically functional siRNA was studied using 2 experimental conditions that evaluated gene silencing activity. First, A549 cells were transfected with siGFP (siRNA silencing the GFP) using cationic liposome:siGFP (positive control) or MWNT-2.0-D-N(CH 3 ) 3 ϩ :siGFP complexes 14 h before an adenovirus (Ad.CMV.GFP) infection that introduces strong GFP expression. Figure 7A shows semiquantitatively Western blot data for GFP and GAPDH (housekeeping gene) indicating that MWNT-2.0-D-N(CH 3 ) 3 ϩ was effective in silencing GFP expression in A549 cells at both 1:8 and 1:16 mass ratios. The equivalent concentration of a scrambled siRNA sequence (siNEG) had almost no effect on GFP expression for both the liposome and CNT vectors. These results indicated that biologically active siGFP could be effectively delivered intracellularly by the dendron-MWNTs.
Further, a different type of siRNA, the commercially available apoptosis-inducing siRNA sequence (siTOX), was used. The terminal TUNEL reaction was used to detect apoptotic cells by fluorescence microscopy. HeLa cells (human cervical carcinoma) were incubated with free siTOX (80 nM) or complexed with all 4 f-MWNTs at 1:16 mass ratio (equivalent to 16 g/ml dendron-MWNT) for 24 h, and apoptosis was assessed after 48 h. HeLa cells were chosen as they were previously screened and found sensitive to siTOX (30) tal Fig. S3) . Overall, these studies indicated that alkylated dendron-MWNTs were able to condense, intracellularly translocate, and successfully deliver biologically active siRNA sequences in a more efficient way than f-MWNTs with a primary amino group and equivalent to established transfection agents (such as cationic liposomes).
DISCUSSION
In this work, we hypothesized that molecular engineering of functionalized groups on the f-CNT surface by alkylation of the terminal amino groups and by increasing the degree of dendritic branching could improve water dispersibility and cellular internalization of the nanotubes within mammalian cells. Alkylation of the amino groups on the f-MWNT surface achieves pHindependent ionization, therefore increased electrostatic repulsion among nanotubes leading to more individually dispersed nanotube in water. Moreover, the enhanced positive charge on the individualized f-MWNTs could offer stronger electrostatic interactions at physiological pH with the negatively charged cell membrane and negatively charged biomacromolecules (such as pDNA and siRNA).
To increase the degree of polymer branching at the CNT surface in a more precise manner, we used a dendron divergent synthesis approach. Lower generation dendrons were preferred over higher generations in an attempt to maintain the capability of CNTs to interact with biological membranes and minimize cytotoxicity due to excessive positive surface charge (38) . As the conjugates of this study are not fluorescently labeled, the cellular uptake was compared on the basis of changes in sideward scattering of the cells before and after incubation with increasing concentrations of nanotubes, in conjunction with optical microscopy of the cell cultures. We observed that alkylation of the terminal amino groups on f-MWNTs bers by the trypan blue exclusion assay (41), colorimetric assays such as the MTT (42, 43) and LDH assays (43) , measurement of protein concentrations by the Bradford assay (44), or clonogenic assays (45) . Nevertheless, some studies (43) have shown contradicting cytotoxicity results for CNTs using colorimetry-based assays such as MTT, WST-1, XTT, or LDH with reportedly frequent occurrence of false positive signals. On the other hand, assessing cytotoxicity by flow cytometry can underestimate the extent of cell death since the nature of the experimental conditions may involve removal of dying cells during trypsinization and subsequent rinsing (46) . Therefore, herein we considered it prudent to combine the more sensitive fluorescencebased annexin V/PI assay using flow cytometry with the fluorescence microscopy-based TUNEL labeling assay. Concentrations Ͼ32 g/ml induced toxicity in HeLa cells after 48 h incubation as shown by TUNEL labeling (Fig. 4E) , so investigations in different cell lines using Ͼ1 cytotoxicity assay are deemed essential for a comparative toxicological examination of different CNT constructs in general. Thereof, the results generated from 2 different cytotoxic assays in this study indicated that dendron-MWNTs were nontoxic to cells up to concentrations of 80 g/ml for a maximum exposure time of 24 h. These conditions were further used to assess the biological activity capabilities of the dendron-MWNT series.
Interestingly, increasing the branching of the dendritic component on the nanotubes enhanced their capacity to complex the same amount of siRNA (Fig.  5A) . The enhanced siRNA complexation was attributed to the increased amount of the cationic charges on the surface of nanotube material in addition to the enhanced dispersibility of the f-MWNT that increased the total surface area available for siRNA binding. Thus, our results are in complete agreement with what has been previously reported by Krajcik et al. (20) . In this study, the authors reported that increasing the number of positive charges, wrapping polycationic PDDA onto SWNTs, led to an improvement in both the water dispersibility and siRNA binding.
The type of chemically functionalized MWNTs described here have been designed as biologically rele- vant dendron-MWNT constructs with a precisely tailored number of polycationic functional groups that can internalize into mammalian cells effectively with minimal induced cytotoxicity. Moreover, these dendron-MWNT constructs have been shown to complex negatively charged double-stranded siRNA and mediate its efficient intracellular delivery and biological activity constituting them as promising candidate vectors for in vivo gene silencing. ϩ showed green fluorescence (apoptosis) 48 h post-transfection. Images were captured using ϫ10 lens.
